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Future neutrino oscillation measurement focus, at first priority, on 
the discovery of sin 2 2#i3 describing the coupling between solar and at- 
mospheric oscillations. In this talk, we briefly discuss the prospects to 
measure sin 2 29i$ by future reactor and beam experiments, and we illus- 
trate the usefulness of these measurements (and their precision) from the 
theoretical point of view with an example. 

1. Introduction 

Recent neutrino oscillation measurements have established two different 
mass squared differences (Ara^ and Am^) and two large mixing angles 
(612 and #23) in the lepton sector, which describe the solar and atmospheric 
neutrino oscillations (see, e.g., Ref. [1]). While the atmospheric mixing 
angle #23 is large, and may even be maximal, maximal mixing is excluded 
for the solar angle 812- The third mixing angle #13, which may couple the 
solar and atmospheric oscillations, is however unknown, and there exists 
and upper bound sin 2 2^13 < 0.1 mainly coming from the Chooz reactor 
experiment [2]. This mixing angle is the key to sub-leading effects, such 
as the determination of the neutrino mass hierarchy, or the measurement 
of the leptonic Dirac CP phase. Therefore, it will be the first priority of 
upcoming neutrino oscillation experiments to establish sin 2 2#i3 > 0. For a 
recent review on neutrino oscillation physics, see, e.g., Ref. [3]. 

From the theoretical point of view, neutrino mass models can be de- 
scribed by textures, GUTs, anarchy arguments, flavor symmetries, etc.. In 
order to test specific models, some experimental observables are very well 
suited as performance indicators, such as the magnitude of #13 (see, e.g., 
Table 1 in Ref. [4]), the neutrino mass hierarchy (see, e.g., Ref. [5]), and 
deviations from maximal atmospheric mixing (see, e.g., Ref. [6]). This can 
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be easily understood in terms of symmetries, which may force #13 to or 623 
to it/ 4. In addition, the normal and inverted hierarchy mass schemes lead 
to very different structures of the neutrino mass matrix. Though these per- 
formance indicators are well-suited for models describing the lepton sector, 
the usual approach to parameterize C/pmns i n the same way as Vckm (and 
to compare the magnitudes of the mixing angles) motivates performance in- 
dicators indicative for quark-lepton unification as well. One such indication 
might be 

tt/4 ~ 9 23 ~ e 12 + e c , (i) 

which is often referred to as "quark-lepton complementarity" [7] (QLC). 

In this talk, we focus on two main questions: What are the upcoming 
possibilities to obtain precision measurements on sin 2 2#i3 (and sub-leading 
effects) , and what precision is needed from the theoretical point of view? For 
the latter question, we will show a specific example based on quark-lepton 
complementarity assumptions. 



2. Future precision neutrino measurements 

Reactor neutrino experiments are probably the next class of experiments 
providing more stringent limits on #13. Similar to the Chooz experiment, a 
detector is placed in a distance ~ 1 ~ 2 km from the reactor core(s), while 
a (preferably identical) near-detector measures the flux in a distance of a 
few hundred meters and reduces systematical errors [4,8,9]. The oscillation 
probability is then, to first approximation, given by the very simple formula 

l_P ge -^ sm 2 20 13 sin 2 ^^, (2) 

which allows for a very clean determination of sin 2 26*13. Of course, measur- 
ing the difference to the "1" implies that systematics is crucial for this type 
of experiment, in particular, for a large luminosity setup [9]. Two examples 
for future potential reactor experiments are Double Chooz [10] and Daya 
Bay [11], where the first one operates in the lower luminosity regime and 
is likely to be statistics limited, and the second will be more sensitive to 
systematics while testing smaller values of #13. 

Compared to reactor experiments, neutrino beam experiments use the 
v e *-* oscillation channel, which is very sensitive to sin 2 26*13, the neu- 
trino mass hierarchy, and leptonic CP violation. However, the information 
has to be extracted from a complicated convolution of parameters. Even if 
both the CP-conjugated neutrino and antineutrino channels are used, three 
discrete degeneracies are remaining, leading to an overall 2 3 = 8-fold degen- 
eracy [12]. In addition, correlations among the oscillation parameters spoil 
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Fig. 1. Possible evolution of the sin 2 2#i3 discovery potential as function of time. 
The band reflect the unknown true value of (Sep ■ The label "FPD" stands for "Fer- 
milab Proton Driver", and "2 nd GenPDExp" for a second-generation superbeam 
upgrade using a proton driver. Figure from Ref. [14]. 



the measurements [13]. Therefore, strategies to resolve these degeneracies 
have been discussed in the past few years, which depend on the experiment 
class considered. Compared to the reactor experiments, beam experiments 
are not only sensitive to #13, but also to the sub-leading effects. In addition, 
they can, depending on the experiment class, go to much smaller values 
of #13. However, the dependence on the sub- leading effects constrains the 
exclusion power with respect to $13. In that sense, the beam and reactor 
experiment classes are very complementary physics concepts. 

A currently running neutrino beam experiment is the MINOS experi- 
ment at Fermilab [15], which uses a muon neutrino beam obtained from 
pion (and kaon) decays. The T2K [16] and NOi^A [17] superbeams using 
higher target powers, bigger detectors, and the off-axis technology to im- 
prove the signal over background ratio are future potential neutrino beam 
experiments with very good discovery potentials of sin 2 2^13. Beyond that, 
superbeam upgrades operated on- or off-axis (see, e.g., Refs. [18] for a com- 
parison of different options), beta beams using electron neutrino beams from 
radioactive isotope decays (see, e.g., Refs. [19] for higher gamma options), 
and neutrino factories using muon decays for neutrino production [20] are 
being discussed. We show in Figure [Q a possible evolution of the sin 2 26*13 
discovery potential as function of time. In this figure, the bands reflect the 
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dependence on the unknown value of <5cp implemented by nature. One can 
clearly identify the different generations of experiments and the difference 
between reactor and beam experiments in this figure. 

The study of a neutrino factory as a potential ultimate precision instru- 
ment has recently been drawing attention. This type of experiment may 
discover sin 2 2#i3 for values as small as 10~ 4 to 10~ 5 (see figure) and mea- 
sure <5cp with a precision up to 10 degrees [21] (la, sin 2 29\3 = 1CT 3 ). An 
international design study including cost study is currently being launched. 
For the neutrino factory experiment, degeneracies may be resolved by using 
a second baseline at L2 — 7500 km in combination with a shorter baseline 
Li ~ 3 000 km to 4000 km [22]. At this very long "magic baseline" [23], 
matter effects make the dependence on 5qp disappear and allow for a clean 
measurement of #13 - and even the matter density [24,25]. Therefore, the 
combination of these two baselines is the configuration currently discussed 
as the standard setup of a neutrino factory. Further potential improvements 
include the detection system [26] and the use of alternative channels [22]. 
In the following, we will discuss how such high precision measurements in 
the lepton sector can actually be motivated. 

3. Why do we need these measurements? - An example 

In order to test the impact of future precision measurements on theory 
space, we need to have a procedure, which is as unbiased as possible, to cre- 
ate a parameter space of alternative equivalent theories. We use a bottom- 
up approach at the texture level in Refs. [27,28]: We generate a sample 
of realizations compatible with current data, i.e., neutrino mass matrices 
including valid order one coefficients, from very generic assumptions. Then 
we identify the leading orders to reconstruct the structure of the Yukawa 
couplings (texture). Compared a conventional approach to generate the 
Yukawa coupling structure first, and then fit the order one coefficients, our 
approach does not require diagonalization and allows for a simple inclusion 
of the mass spectrum to reduce complexity. The objectives of this approach 
are two-fold: First, we want to generate all (new) possibilities from a given 
set of generic assumptions. And second, we want to study the generated 
parameter space. A spin-off of the second objective is that we can also 
discuss how experiments affect this parameter space. 

We take our generic assumptions from the QLC hypothesis in Eq. ([I]): 
We assume that all mixing angles and hierarchies be generated by powers 
of e ~ 6q, including e° = 0(1) (corresponding to maximal mixing for the 
mixing angles). It can be motivated by the observation that mixing angles 
~ 9c (and powers ~ 6q thereof), as well as maximal mixing, can be readily 
obtained in models from flavor symmetries. Consequently, the observed 
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Fig. 2. Distributions of mixing angles for our realizations in the effective 3x3 case, 
as well as projected precisions of future experiments. Figure taken from Ref. [27]. 

large leptonic mixing angles #12 and 823 can only arise as a result of taking 
the product of the charged lepton mixing matrix Ut and the neutrino mixing 
matrix U u in the PMNS mixing matrix 

C^pmns = U\U V . (3) 

Simple conventional quark-lepton complementarity implementations, such 
as C/pMNS — ^cKM^bimaxi emerge as special cases in this approach (see, e.g., 
Refs. [29]), but are not the exclusive solutions. For example, the charged 
lepton sector may actually induce two large mixing angles. An implication 
of this type of generic assumptions is that the quark and lepton sectors must 
be somehow related, such as by a remnant of a unified theory e. In addition, 
it is a good application to illustrate why it is useful to parameterize £/pmns 
and Vckm hi the same way. 

We show in Figure [2] the distribution of mixing angles for all realizations 
we have generated from our generic assumptions. As far as the different 
mixing angles are concerned, there a three major observations: First, future 
measurements of sin 2 2#i3 will strongly reduce this parameter space. With- 
out a neutrino factory, too many possibilities different from sin 2 29\3 ~ 
may be remaining. Second, since maximal mixing was used as one of the 
generic input assumptions, testing small deviations from maximal mixing is 
not very indicative for this class of models. And third, 612 is a very good 
performance indicator for QLC-based models, since the peak position in 
Figure [21 right, will be determined by the magnitude of 9c- 

In Ref. [27], we do not only study the parameter space, but we also 
generate specific textures. In addition, we present in Ref. [28] an extension 
to the see-saw mechanism, leading to 1 981 valid texture sets for the normal 
hierarchy (for the case of small sin 2 2^13). Furthermore, we introduce com- 
plex phases in Ref. [30], connect specific textures to different distributions of 
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observables, and illustrate that measuring 5qp with Cabibbo-angle precision 
~ 11° is useful. This precision might be achieved by the neutrino factory 
experiment discussed above [21]. The use of textures can be motivated as an 
intermediate result to be used for model building. For example, Froggatt- 
Nielsen models [31] using flavor symmetries predict certain structures in the 
Yukawa couplings. Our textures can be used to study the parameter space 
of discrete flavor symmetries [32]. 

4. Summary and conclusions 

It is the objective of future reactor and accelerator neutrino oscillation 
experiments to probe neutrino masses and mixings to very high precisions. 
The primary goal is the determination of the small mixing angle sin 2 2#i3 , 
because it is the key to the mass hierarchy and CP violation measurements. 
But what motivates a high precision, such as obtained for a neutrino factory? 

In order to test the impact of precision, we have systematically generated 
a parameter space of mass matrices from generic assumptions. These generic 
assumptions can be motivated by the fact that the quark and lepton mixing 
matrices C/pmns an d Vqkm are usually parameterized in the same way, but 
show strong qualitative differences. We believe that such a comparison can 
only be justified in light of a possible connection. We have parameterized 
this connection in terms of the Cabibbo angle as a generic assumption, and 
we have illustrate that the precision at the level of a neutrino factory can 
be well- motivated. 

We conclude that even for the known three-flavor oscillation physics, 
the higher precision of future facilities will be very useful. Beyond that, 
the search for non-standard physics may motivate such a facility. Finally, a 
possible connection between 5qp and leptogensis makes the test of leptonic 
CP violation the ultimate goal. 
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